Tolerance to drought in plants is not a simple trait, but a complex of mechanisms working in combination to avoid or to resist water deficit. Genotypes that differ in tolerance to water deficit may show qualitative and quantitative differences in gene expression when submitted to drought periods. Four cotton (Gossypium hirsutum L.) genotypes (Siokra L-23, Stoneville 506, CS 50 and T-1521) with contrasting responses to water deficit stress were studied using the Differential Display (DD) technique to identify and isolate genes which may differ among them. Fifty-two cDNA fragments differentially expressed during water deficit were isolated, cloned and sequenced. Search of gene bank databases showed that two cDNA clones, A12B15-6 and A12B13-1, have high homology with a heat shock protein that binds to calmodulin found in Nicotiana tabacum (2.9e-32 P(N)) and with an Arabidopsis thaliana trehalose-6-phosphate synthase enzyme (9.0e-37 P(N)), respectively. One of the presumed functions of heat shock proteins is related to prevention of protein denaturation during cellular dehydration. Trehalose-6-phosphate synthase is involved in the production of trehalose, a disaccharide known to osmotically protect cell membranes during dehydration. The HSP homologue was found to be differentially expressed during the drought period in two drought tolerant genotypes but not in drought-sensitive genotypes. The trehalose-6-phosphate synthase homologue was also up-regulated during water deficit stress, however, all four genotypes were induced to express this homologue. Ribonuclease protection assays confirmed these results. This is an important finding since there are only few reports of trehalose presence in higher plants and none in cotton.
INTRODUCTION
Since plants started to emerge 1.5 billion years ago (Lehninger et al., 1993) evolutionary pressure has shaped plant responses to water deficit resulting in a complex web of responses. These responses start with stress perception, which initiates signal transduction pathways, and end in changes at many metabolic, physiological and developmental levels. Therefore, responses to drought will be conditioned not only by the nature and intensity of the environmental factors involved, but also by the ecological histories of species, ecotypes, cultivars and genotypes. As a consequence, a large range of molecular, biochemical and physiological responses arise when plants are submitted to periods of water deficit. Several genes are likely to be involved in each drought tolerance trait. Accordingly, molecular biology and plant physiology together can aid identifying and selecting these genes, and determine their influence in yield (Turner, 1997) . Differently expressed genes are usually identified by comparing mRNA abundance (Wan et al., 1996) . Therefore, a partial understanding of these developmental events may be obtained by analyzing and comparing mRNAs isolated from well-watered and waterstressed plants.
The change in cell volume that accompanies the early stages of water deficit in plants may trigger stretch-activated channels, alter the conformation or the juxtaposition of critical sensory proteins, or cause alterations in the cell wall-plasmalemma continuum, thereby activating signal transduction pathways that elicit gene expression (Hare et al., 1996; Shinozaki & Yamaguchi-Shinozaki, 1996 . Many water-deficit-induced genes encode proteins predicted to protect cellular structures and functions from the effects of water loss and to promote some cellular osmotic potential adjustments to increase water uptake, while others will control ion accumulation and further gene expression regulation (Bray, 1993 (Bray, , 1997 Boyer, 1996; Shen et al., 1997) .
Heat-shock proteins (HSP) are a group of gene products usually found in plants subjected to water deficit (Vierling, 1991; Joshi and Nguyen, 1996) . As the name suggests, HSP were first identified as responses to heat stress. The ability to respond to mild temperature shock by the synthesis of HSP within few hours of the shock is a general response and has been observed in microbes and animals as well as in plants (Harborne, 1997) . Most of the HSP probably function as molecular chaperones that assist in protein folding and prevent protein denaturation (Zhu et al., 1993) . Some HSP are normally produced by the cell, while during stress more HSP are necessary because protein aggregation and denaturation are increased (Cooper, 1997) . Increased synthesis of HSP may help protect these proteins during the osmotic stress that follows cell dehydration (Zhu et al., 1997) .
HSP are highly conserved in both prokaryotic and eukaryotic cells (Cooper, 1997) . Several classes of HSP have been described in eukaryotes, including plants. They are designated by their approximate molecular weights in kDa as HSP110, HSP90, HSP70, HSP60, and low molecular weight (LMW) HSP (15-30 kDa) (Vierling, 1991) . The HSP70 and HSP60 families appear to be particularly important in the general pathways of protein folding in both prokaryote and eukaryote cell. Both HSP families function by binding to unfolded regions of polypeptides chains (Cooper, 1997) .
Soluble sugars have also been reported to act as protectants during cell dehydration (Leprince et al., 1993; Boyer, 1996) . Trehalose is one of the most effective osmoregulatory sugars in terms of the minimal concentration required. It has been reported in many organisms, however, there are only a few reports in higher plants (Ingram and Bartels, 1996) . Trehalose seems to play many roles in increasing tolerance to dehydration (Potts, 1994; Boyer, 1996) . One role is to bind to the cell membrane and lower its melting temperature, thereby keeping the membrane in its liquid crystalline phase (Crowe et al., 1993) . In addition, trehalose stabilizes enzymes (Carpenter et al., 1987) and vesicles (Crowe et al., 1993) during cell dehydration. Sucrose and maltose have also been shown to have protective effects over enzymes and membranes (Carpenter et al., 1987; Boyer, 1996) . During mild water deficit, water potential can be maintained by osmotic adjustment, and sugars may serve as compatible solutes lowering the osmotic potential. Resurrection plants, such as Craterostigma plantagineum, and drought sensitive plants, like spinach (Spinacea oleracea) both increase sucrose synthesis and sucrose-phosphate synthase activity during water deficit (Ingram and Bartels, 1996) .
Water deficit is a major concern in cotton production. The unique expression of genes in stress tolerant cotton genotypes could be used to study drought tolerance mechanisms and to identify other genotypes with similar characteristics. Identifying and understanding mechanisms of water stress tolerance is crucial for developing new tolerant cultivars not only in cotton, but also in other species. Therefore, the objective of this study was to identify and isolate genes that differ among four selected cotton genotypes contrasting in tolerance to water deficit.
MATERIALS AND METHODS
Four cotton (Gossypium hirsutum L.) genotypes, two water-deficit sensitive (Stoneville 506 and CS 50) and two water-deficit tolerant (Siokra L-23 and T-1521) (Oosterhuis et al., 1987; Nepomuceno et al., 1996; Nepomuceno et al., 1998) were planted in pots containing washed sand and grown under greenhouse conditions. Temperatures in the greenhouse were 30 0 C ± 2 0 C during the day and 25 0 C ± 2 0 C at night, with relative humidity near 50 %. Metal halide illumination lamps (1,000 W) were used to supplement natural radiation. Light radiation reached a maximum of 1,500 µmol.m -2 .s -1 at the top of canopy at midday.
The volume of pure water added to the pots was calculated periodically to maintain the pots of the stressed treatments at 5 % gravimetric humidity (GH) and nonstressed treatments at 15 % GH. Gravimetric humidity percentage gives the amount (weight) of water present in relation to the sand. Percentages are based on the sand dry weight. These percentages were chosen based on preliminary experiments where 5 % GH was found to promote mild water deficit and 15 % GH kept treatments near field capacity. Twice-a-week watering using balanced nutrient solution at pH 6.6 was conducted according to Henvitt, 1963 . All treatments were kept at 15 % GH until 20 days after germination, after which irrigation was withheld from the stressed treatments until sand humidity reached 5 % GH, which required approximately 48 h. Pots were weighted twice a day (early in the morning and late in the afternoon) and water was added to keep treatments at the desired values of GH. Weekly, plants from reserve pots receiving the same treatments of the experimental pots were harvested and their weight discounted to keep the treatment pots at desired values.
Sampling times for RNA extraction were decided based on the results of previous work (Nepomuceno et al., 1998) showing that tolerant/sensitive cotton genotypes of the types used in this work reached higher differences in water and osmotic potential after 6 days of water deficit. Thus, at the 6 th day (after stress treatments reached 5 % GH) leaves of the four cotton genotypes were collected for RNA isolation. The fourth leaf from the apex was sampled to obtain a 4 g leaf sample. Immediately after sampling, leaf tissues were rapidly and carefully washed in distilled water, blotted, and stored at -80 0 C. A combination of the Wan and Wilkins (1994) and Holt (1995) hot borate extraction protocol was used for RNA isolation and quantification. A modification of the procedure by Song et al. (1995) was used for subsequent purification.
The reverse transcription reaction was performed using 2 µg of purified total RNA mixed in a 200 µL tube with 10 µL of 5x M-MLV RT buffer, 1.24 µL of 10 mmole.L -1 dNTP, 2.42 µL anchor primer (50 µmole.L -1 ), 1 µL RNasin (Promega, Madison, WI), and DEPC treated water to a total volume of 50 µL. The reaction mix was heated at 65 o C for 5 min after which 1.5 µL of Moloney Murine Leukemia Virus (M-MLV) Reverse Transcriptase (Promega, Madison, WI, 200 u.µL -1 ) was added to the reaction. After 1 h at 37 o C the reaction mix was heated to 99 o C for 5 min to inactivate the reverse transcriptase. Temperature changes were performed in a thermal cycler (Hybaid OMN-E, model P-5000-HL). ) and eight ten-mers (B1 - ) were used to screen the mRNA populations.
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A 6 % denaturing polyacrylamide DNA sequencing gel was used to separate 10 µL (plus 2 µL gel loading dye) of the PCR products. Before loading, samples were heated at 75 o C for 3 min. Electrophoresis was conducted at 70 W for 4 h. The gel was then vacuum dried on filter paper at 80 o C for 1.5 h. After 2 to 3 days of autoradiography, bands were analyzed and results between water-deficit stressed and non-stressed treatments in the four cotton genotypes compared. Differentially displayed (DD) bands were then identified and extracted from the gels. The extraction and purification of DNA from the gel slices were conducted according to Ausubel et al. (1995) . After extraction and purification, the band was reamplified using 10 µL of the supernatant extract in a PCR reaction with the same primers and PCR conditions (except for 35 S-dATP) used during the DD. The reamplification reaction was then checked in a 2 % NuSieve GTG (1x TBE buffer) agarose mini-gel.
PCR reamplifications yielding only one band were purified (Wizard PCR purification system, Promega, Madison, WI) and inserted into pGEM-T vectors according to manufacturer's instructions (Promega, Madison, WI). The concentrations of PCR product and vector were measured in a Hoefer fluorometer (TKO 100) and mixed in a molar ratio of 6:1 (insert:vector). After ligation, the pGEM-T vectors with the inserts were used to transform Escherichia coli (JM 109 strain). E. coli competent cells were prepared according to Sambrook et al. (1989) . After transformation and plating, E. coli cells were incubated overnight at 37 o C. Eight white colonies were then selected, spread on LB plates (with IPTG/X-Gal/ampicillin) and incubated overnight (37 o C) to confirm the absence of β-galactosidase activity. White colonies have the lacZ gene inactivated due to insertion of the reamplified cDNA fragment. Restriction of plasmid DNA extracted from the putative recombinants confirmed the cloning of fragments inserted between the appropriate recognition sites for restriction enzymes in the pGEM-T vector. Plasmid DNA was then extracted using Wizard Plus midipreps (Promega, Madison, WI). After restriction, a DNA fragment with approximately the same size as the fragment that was used in the ligation reaction was present when visualized in a 2 % agarose gel.
After confirming that the correct fragments were inserted, cycle sequencing of the inserted fragments was conducted in an ALF™ DNA automatic sequencer (Pharmacia Biotech). The reactions were performed using the ALFexpress AutoCycle sequencing kit (Pharmacia Biotech). Database search for homology was carried out using the BLASTN2 and BLASTX2 (Altschul et al., 1990) programs provided by Bork Group's Advanced Search Services at EMBL (http://www.bork.embl-heidelberg.de:8080).
Anti-sense RNA probes ( 32 P labeled, Amersham, Arlington Heights, IL) complementary to the region of the target RNA to be analyzed were synthesized from the fragments cloned into the pGEM vector. Complete runoffs of the transcripts representing the insert anti-sense strand were produced using T7 or SP6 RNA polymerase. The anti-sense riboprobes were produced using a MAXIscrip TM kit (Ambion, Austin, TX, USA) according to manufacturer instructions. The RPA reactions were performed using a HybSpeed TM RPA TM kit (Ambion, Austin, TX, USA). Labeled anti-sense riboprobes that hybridized to complementary RNA in the mixture (which contains the original total RNA extract that originated clones A12B15-6 and A12B13-1) were protected from ribonuclease digestion, and were then separated on a 5 % polyacrylamide gel and visualized by autoradiography. Other RPA control reactions were conducted using total RNA from other genotypes and water stress treatments as presented in figure 4 . A molecular marker (Century™ Marker Template Plus, Ambion, Austin, TX) was also loaded in the polyacrylamide gel.
RESULTS
Previous work (Nepomuceno et al., 1998) showed that cotton genotypes Siokra L-23 and T-1521 partially tolerate water deficit stress, whereas genotypes CS 50 and Stoneville 506 show sensitivity. Siokra L-23 and T-1521 exhibited a significant osmotic adjustment in their leaves resulting in water potential remaining near control values during the water deficit stress.
In this study the same sensitive and tolerant cotton genotypes studied by Nepomuceno et al. (1998) were compared for gene expression during water deficit. Fifty-two cDNA fragments originated from mRNA transcripts differentially expressed during water deficit were identified, isolated from the polyacrylamide gels, cloned in pGEM-T vectors, and sequenced. Search of gene bank databases showed that two of these fragments have high homology with known genes. Clone A12B15-6 (271 bp, GenBank accession # AF056947) has high homology (2.9e-32 P(N); 57aa, 69 %; figure 1), with a heat shock protein that binds to calmodulin and is found in Nicotiana tabacum. This transcript was differentially expressed only during water defi-cit in the two drought tolerant genotypes (Siokra L-23 and T-1521; table 1, figure 2). Lu et al. (1995) isolated the HS protein similar to clone A12B15-6 by screening a 8ZAPII cDNA expression library constructed from cell cultures of heatshocked tobacco (N. tabacum L. cv. Wisconsin-38).
Clone A12B13-1 (323 bp, GenBank accession # AF056946) showed homology (9.0e-37 P(N), 89aa, 87 %; figure 1 ) with an Arabidopsis thaliana trehalose-6-phosphate synthase enzyme (Table1). The trehalose-6-phosphate synthase homologue was also up regulated during water deficit stress but was expressed in all genotypes (figure 3). That is an important finding since there are only a few reports of trehalose presence in higher plants and no reports of trehalose in cotton. Ribonuclease protection assays confirmed differential expression of clones A12B15-6 and A12B13-1. The cDNA were originated from true mRNA transcripts (figure 4).
The other 50 cDNA fragments showed very low or no homology to known genes and 41 were confirmed by ribonuclease protection assays (data not shown). However, these differentially expressed transcripts might have important roles during plant responses to drought. Identifying the function of these expressed transcripts takes considerable effort and it will be a future focus of our work. (T) 9 CC 3' and 10-mer B15-5' GTGCGTCCTC 3' . cDNA fragments, which appear to be differentially expressed, are indicated by arrows and letters (A -A12B15-5; B -A12B15-6; C -A12B15-8; D -A12B15-13). cDNA fragment B (A1215-6) show high homology to a HSP. Fragments A, C and D did not show homology to known genes.
Figure. 3. Differential display (DDRT-PCR) of four cot-
ton genotypes after periods of water deficit. Lane: 1-Siokra L-23, stressed; 2-Siokra L-23, non-stressed; 3-CS-50, stressed; 4-CS-50, non-stressed; 5-Stoneville 506, stressed; 6-Stoneville 506, non-stressed; 7-T-1521, stressed; 8-T-1521, non stressed. RT-PCR reactions were conducted using anchor primer A12-5' (T) 9 CC 3' and 10-mer B13-5' AAGCTGCGAG 3' . cDNA fragments, which appear to be differentially expressed, are indicated by arrows and letters (A -A12B13-1; B -A12B13-4; C -A12B13-6). cDNA fragment A (A12B13-1) show high homology to trehalose-6-phosphate synthase. Fragments B and C did not show homology to known genes.
DISCUSSION
Heat Shock Protein: Water-deficit responses are complex. Tolerance could be conferred by dozens of genes being expressed in a precise arrangement or by a single gene that is a key player in a specific pathway. Clone A12B15-6 was differentially expressed only during water deficit in the two drought tolerant genotypes (Siokra L-23 and T-1521; table 1, figure 2) . Most of the HSP seem to function as molecular chaperones that assist in protein folding and prevention of protein denaturation (Zhu et al., 1993) . Water deficit, osmotic stress and cold stress are some of the abiotic stresses that aggravate protein aggregation and denaturation, making production of HS proteins more necessary. Finding a HSP with homology to a calmodulin-binding protein is an interesting result considering the important role calmodulin (CaM) plays in calcium-mediated processes, enzyme activity and signal transduction (Roberts and Harmon, 1992; Poovaiah and Reddy, 1993) . Many studies show that CaM associates with other proteins in a calcium-dependent manner. CaM senses nanomolar changes in Ca 2+ and acts as a molecular switch to regulate other proteins and enzymes. These target enzymes and proteins are thought to be the response elements through which the Ca 2+ /CaM second-messenger system ultimately affects signal transduction (Lu et al., 1995) . Although the whole gene, of which clone A12B15-6 is only a part, still needs to be sequenced, the homology found between this 271 bp fragment and a calmodulin-binding protein opens an attractive line of study. Calmodulin-binding proteins, like clone A12B15-6, have been observed under a large number of cellular conditions, however, their actual significance as regulatory proteins is still unknown (Ling et al., 1994) . Heat shock proteins that bind to CaM could be involved in regulation of Ca 2+ mediated processes. This involvement may range from performing as a chaperone to stabilize CaM and avoid loss of activity during stress to participating of the stress response system as a component enzyme.
The Ca 2+ /CaM complex appears to play key roles in plant metabolism, thus understanding some of the Ca 2+ action responses is critical. Significantly, a Ca 2+ signal transduction pathway is involved in turgor regulation in plant cells (Coté, 1995) . One of the first known responses of guard cells to abscisic acid (ABA) is an increase in cytosolic Ca 2+ , where stomatal closure is induced by release of Ca 2+ into the cytoplasm (McAinsh et al., 1990; Schroeder and Hagiwara, 1990) . If stomatal control is one of the mechanisms regulated by the Ca 2+ /CaM association, clone A12B15-6 might be related to the water-deficit tolerance found in Siokra L-23 and T-1521, since this transcript was expressed only during water deficit and only in these two genotypes (figures 2 and 4, table 1). Both genotypes showed the ability to keep photosynthesis near control levels during water deficit (Nepomuceno et al., 1998) . Photosynthesis is directly related to leaf water status, and consequently, the control of water loss through transpiration and stomatal opening is strategically important. A tight molecular regula- A. L. NEPOMUCENO et al. tion of these mechanisms needs to be in place. The presence of this HS protein differentially expressed during water stress in both tolerant genotypes indicates a possible signal transduction pathway related to their tolerance mechanisms. Even though more studies are necessary, the unique expression of these genes, confirmed by RPA, makes it possible to use them as probes to identify other genotypes presenting the same characteristics.
Trehalose-6-Phosphate Synthase: This enzyme is involved in the production of trehalose, a disaccharide known to provide osmotic protection of cell membranes during dehydration (Crowe et al., 1993; Muller et al., 1995; Majara et al., 1996) . The presence and up-regulation of trehalose-6-phosphate synthase (figure 3) during water deficit seems to be a good indication that trehalose is produced in all four cotton genotypes during the stress. This is an exciting finding considering that there are only a few reports of trehalose in higher plants (Muller et al., 1995) , and no reports of trehalose in cotton. The presence of trehalose in microorganisms and invertebrate animals is well documented. Although there are a few reports of higher plants synthesizing trehalose, some researchers still argue that trehalose in higher plants originates from symbiosis (Ghittoni and Bueno, 1995; Avigad and Dey, 1997) or contamination (Gussin, 1972) with bacteria and/or fungi that produce trehalose.
Trehalose has been reported in more than 70 species of desiccation-tolerant plants, mostly among lower classes (Ushiyama and Furuga, 1989; Drennan et al., 1993; Muller et al., 1995) . The production of trehalose in higher plants seems to be open to speculation, since the trehalase activity is usually high in higher plants (Kendall et al., 1990) . In terms of evolution, the question to be asked is: if plants do not produce trehalose, why is trehalase activity observed? Maybe trehalose is produced in higher plants, like the sequence of clone A12B13-1 suggests for cotton, but high trehalase activity might be degrading it as fast as it is produced. Goddijn et al. (1997) demonstrated that inhibition of trehalase in wild-type potato (Solanum tuberosum) significantly increased trehalose concentrations in potato tissues. The importance of this result is that it was obtained using in vitro material, thus a possible bacterial or fungal origin of trehalose can be excluded. Furthermore, gene transcripts that are homologous to trehalose-6-phosphate synthase and treahalose-6-P-phosphatase were also found in A. thaliana (Goddijn et al., 1997) . Together with our findings these results suggest that, in opposition to the current idea, angiosperms have the capacity to synthesize trehalose. Trehalose presence may not have been demonstrated because of the trehalase activity. One interesting approach of addressing this controversy would be to inhibit trehalase activity by use of antisense technology.
Disaccharides, like trehalose, appear to be one of the most effective stabilizers of dried enzymes and cell membranes in vitro and in vivo. However, the interaction of trehalose with membranes has been studied more than its interactions with proteins. Even though the mechanism by which trehalose stabilizes proteins is unclear, Carpenter (1993) suggested that trehalose probably interacts directly with dry protein by hydrogen bonding -OH groups to polar residues in the protein. Studies of the interaction between trehalose and phospholipid bi-layers indicate that trehalose replaces water molecules around the polar head groups of the phospholipid in the dry state (Gaber et al., 1986) . This hypothesis has been discussed and direct evidence for trehalose binding to phospholipid membranes has been obtained for dry phospholipid vesicles (Potts, 1994) . The interaction of trehalose with the membrane lowers the T m (melting temperature) of the membrane enabling it to keep its liquid crystalline phase during desiccation (Crowe et al., 1993) . To give its protective effects, trehalose must be present on both sides of the membrane. Thus, for effective protection a transporter to carry trehalose across the cell membrane is needed (Crowe et al., 1993; Potts, 1994) .
For figure 3 and table 1, it can be seen that band A appears in all four genotypes during the stress. Considering the discussion above, genotypes that lack or have reduced trehalase activity (Goddijn et al., 1997 ) might express higher water-deficit tolerance because trehalose will be present. Also, genotypes lacking a transporter to move trehalose to both sides of the membrane will be more sensitive to deficit. The combination of these two or other possibilities should be considered when analyzing the physiological and genetic characterization of the genotypes studied here. Both Siokra L-23 and T-1521 show a significant osmotic potential decrease during the applied stress (Nepomuceno et al., 1998) . Presence of active trehalose might be one of the factors involved in this result.
